Abstract. The roles of nuclear deformation and neutron transfer in sub-barrier capture process are studied within the quantum diffusion approach. The change of the deformations of colliding nuclei with neutron exchange can crucially influence the sub-barrier fusion. The sub-barrier capture reactions following the neutron pair transfer are used for the indirect study of neutron-neutron correlation in the surface region of nucleus. The strong surface enhancement of the neutron pairing in nuclei 48 Ca, 64 Ni, and 116,124,132 Sn is demonstrated. Comparing the capture cross sections calculated without the breakup effect and experimental complete fusion cross sections, the breakup was analyzed in reactions with weakly bound projectiles 6, 7, 9 Li and 9 Be. A trend of a systematic behavior for the complete fusion suppression as a function of the target charge and bombarding energy is not achieved.
Introduction
The nuclear deformation and neutron-transfer process have been identified as playing a major role in the magnitude of the sub-barrier capture and fusion cross sections [1, 2] . There are a several experimental evidences which confirm the importance of nuclear deformation on the capture and fusion. The influence of nuclear deformation is straightforward. If the target nucleus is prolate in the ground state, the Coulomb field on its tips is lower than on its sides, that then increases the capture or fusion probability at energies below the barrier corresponding to the spherical nuclei. The role of neutron transfer reactions is less clear. A correlation between the overall transfer strength and fusion enhancement was firstly noticed in Ref. [3] . The importance of neutron transfer with positive Q-values on nuclear fusion (capture) originates from the fact that neutrons are insensitive to the Coulomb barrier and therefore they can start being transferred at larger separations before the projectile is captured by target-nucleus [4] . Therefore, it is generally thought that the sub-barrier fusion cross section will increase [5] [6] [7] because of the neutron transfer. As suggested in Ref. [8] , the enhancements in fusion yields may be due to the transfer of a neutron pair with a positive Q-value. However, as shown recently in Ref. [9] , the two-neutron transfer channel with large positive Q-value weakly influences the fusion (capture) cross section in the 60 Ni + 100 Mo reaction at sub-barrier energies. So, from the present data an unambiguous signature of the role of neutron transfer channel could not be inferred. Another open question is the nucleon pairing correlations in the stable nuclei. The corresponding pair transfer modes are usually described in terms of pairing vibrations or pairing rotations [10, 11] , which are one of collective vibrational modes associated with the pair correlation. It has been established that the two-neutron transfer amplitude is a e-mail: sargsyan@theor.jinr.ru influenced by collective modes caused by the Cooper-pair superfluidity [12] . The experimental signatures of a spatial two-neutron correlation or the di-neutron correlation between two weakly bound neutrons forming the halo in 6, 8 He and 11 Li have been reported in Refs. [13] [14] [15] [16] . In the present paper the quantum diffusion approach [17, 18] is applied to study the fusion hindrance and the roles of nuclear deformation and neutron transfer in sub-barrier capture process. Also, we will consider capture reactions with the negative (Q 1n < 0) one-neutron transfer and the positive (Q 2n > 0) two-neutron transfer (before the crossing of the Coulomb barrier), where the one-step neutron pair transfer is expected to prevail. The study of this process is one of the key point in the understanding of pairing correlations in nuclei. The distinction between two-step sequential and one-step cluster transfer is a great challenge, not only in nuclear physics but also in electron transfer between ions or atomic cluster collisions [12] . Note that the capture (fusion) reaction following the neutron pair transfer is the indirect way of the study on pairing effects, and completely different from the two-neutron or multinucleon transfer reaction.
Model
In the quantum diffusion approach the collisions of nuclei are treated in terms of a single collective variable: the relative distance between the colliding nuclei. The nuclear deformation effects are taken into consideration through the dependence of the nucleus-nucleus potential on the deformations and orientations of colliding nuclei. Our approach takes into consideration the fluctuation and dissipation effects in collisions of heavy ions which model the coupling with various channels. We have to mention that many quantum-mechanical and non-Markovian effects accompanying the passage through the potential barrier are taken into consideration in our formalism [17, 19, 20] . The details of used formalism are presented in our previous articles [17, 18] . All parameters of the model are set as in Ref. [17] . All calculated results are obtained with the same set of parameters and are rather insensitive to the reasonable variation of them [17, 18] . The heights of the calculated Coulomb barriers V b = V(R b ) (R b is the position of the Coulomb barrier) are adjusted to the experimental data for the fusion or capture cross sections. To calculate the nucleus-nucleus interaction potential V(R), we use the procedure presented in Refs. [17, 18] . For the nuclear part of the nucleus-nucleus potential, the double-folding formalism with the Skyrme-type density-dependent effective nucleon-nucleon interaction is used.
Effect of quadrupole deformation
To separate the effects of deformation and neutron transfer, firstly we consider the reactions with deformed nuclei in which Q-value for the neutron transfer are small, i.e. the neutron transfers can be disregarded. In figures 1 and 2, the calculated capture cross sections for the reactions 16 O, 48 Ca, 40 Ar+ 154 Sm, and 74 Ge+ 74 Ge are in a good agreement with the available experimental data [21] [22] [23] [24] showing that the quadrupole deformations of the interacting nuclei are the main reasons for the enhancement of the capture cross section at sub-barrier energies. The quadrupole deformation parameters β 2 are taken from Ref. [25] for the deformed even-even nuclei. In Ref. [25] the quadropole deformation parameters β 2 for the first excited 2 + states of nuclei are given. For the nuclei deformed in the ground state, the β 2 in 2 + state is similar to the β 2 in the ground state and we use β 2 from Ref. [25] in the calculations. For double magic nuclei, in the ground state we take β 2 = 0. In Ref. [26] the experimentally observed enhancement of sub-barrier fusion for the reactions 16 O, 48 Ca+ 154 Sm, and 74 Ge+ 74 Ge was explained by the nucleon transfer and neck formation effects. However, in the present article we demonstrate that a good agreement with the experimental data at sub-barrier energies could be reached taking only the quadrupole deformations of interacting nuclei into consideration. We should mention, that for the sub-barrier energies the results of calculations are very sensitive to the quadrupole deformation parameters β 2 of the interacting nuclei. Since there are uncertainties in the definition of the values of β 2 in the light-and the medium-mass nuclei, one can extract the quadrupole deformation parameters of these nuclei from the comparison of the calculated capture cross sections with the experimental data.
Effect of neutron transfer
Several experiments were performed to understand the effect of neutron transfer in the fusion (capture) reactions. The choice of the projectile-target combination is crucial, and for the systems studied one can make unambiguous statements regarding the neutron transfer process with a positive Q-value when the interacting nuclei are double magic or semi-magic spherical nuclei. In this case one can disregard the strong nuclear deformation effects. The good examples are the reactions with the spherical nuclei: 40 Ca + 208 Pb (Q 2n =5.7 MeV) and 40 Ca + 96 Zr (Q 2n =5.5 MeV). Since the transfer of protons is shielded by the Coulomb barrier, it occurs when two nuclei almost touch each other [30] , i.e. after a capture. Thus, the proton transfer can be disregarded in the calculations of capture cross sections. Following the hypothesis of Ref. [8] , we assume that the sub-barrier capture mainly depends on the two-neutron transfer with the positive and relatively large Q-value. Our assumption is that, before the projectile is captured by targetnucleus (before the crossing of the Coulomb barrier) which is the slow process, the two-neutron transfer occurs at larger separations that can lead to the population of the first 2 + state in the recipient nucleus [31] .
Since after two-neutron transfer the mass numbers, the deformation parameters of interacting nuclei, and, respectively, the height and shape of the Coulomb barrier are changed, one can expect the enhancement or suppression of the capture. For example, after the neutron transfer in the reaction 40 probably arises from the fact that the fusion-fission channel was not taken into consideration in the experimental capture cross sections. So, our results show that the observed capture enhancement at sub-barrier energies for the reactions mentioned above is related to the two-neutron transfer channel.
Note that strong population of the yrast states, and in particular of the first 2 + state of even Ca isotopes via the neutron pick-up channels in the 40 Ca + 96 Zr reaction is experimentally found in Ref. [31] . In the calculations, for such excited recipient nuclei we use the experimental deformation parameters β 2 related to the first 2 + states from the table of Ref. [25] . We assume that after two neutron transfer the residues of donor nuclei remain in the ground state with corresponding quadrupole deformation.
One can find the reactions with large positive two-neutron transfer Q-values where the transfer weakly influences or even suppresses the capture process. This happens if after transfer the deformations of nuclei almost do not change or even decrease. For instance, in the reactions 32 
Neutron pair transfer in sub-barrier capture process
There exists several studies demonstrating enhancement of the pair correlation in the nuclear surface and exterior regions of the neutron-rich nuclei [35] [36] [37] [38] . The effect of correlations between nucleons on the nuclear breakup mechanism has been studied both experimentally and theoretically [39, 40] . There exists also several studies demonstrating enhancement of the pair correlation in the nuclear surface and exterior regions of the neutron-rich nuclei [35] [36] [37] [38] . By describing the capture (fusion) reactions at sub-barrier energies within the quantum diffusion approach, we want to demonstrate indirectly the strong surface enhancement of the neutron pairing in the stable and unstable nuclei. We will consider capture reactions with the negative (Q 1n < 0) one-neutron transfer and the positive (Q 2n > 0) two-neutron transfer (before the crossing of the Coulomb barrier), where the one-step neutron pair transfer is expected to prevail. The study of this process is one of the key point in the understanding of pairing correlations in nuclei. The distinction between two-step sequential and one-step cluster transfer is a great challenge, not only in nuclear physics but also in electron transfer between ions or atomic cluster collisions [12] . Note that the capture (fusion) reaction following the neutron pair transfer is an indirect way of the study on pairing effects, and completely different from the two-neutron or multinucleon transfer reaction. We will show that the information obtained from the sub-barrier capture (fusion) reactions is complementary to that obtained from the two-neutron transfer reactions such as (p,t) or (t,p). The choice of the projectile-target combination is crucial in the understanding of pair tunneling phenomena in the capture process. In the capture reactions with Q 1n < 0 and Q 2n > 0, the two-step sequential transfer is almost closed before capture. So, by properly choosing the reaction combination, one can reduce the role successive transfer plays in the process. For the systems studied one can make unambiguous statements regarding the neutron transfer process with a positive Q 2n value when the interacting nuclei are double magic or semimagic nuclei. In this case one can disregard the strong nuclear deformation effects before the neutron transfer. In figures 5 and 6 the calculated capture cross sections for the reactions 40 Ca + 48 Ca (Q 1n = −1.6 MeV, Q 2n = 2.6 MeV), 40 Ca + 116 Sn (Q 1n = −1.2 MeV, Q 2n = 2.8 MeV), 40 Ca + 124 Sn (Q 1n = −0.1 MeV, Q 2n = 5.4 MeV), 58 Ni + 64 Ni (Q 1n = −0.66 MeV, Q 2n = 3.9 MeV), and 64 Ni + 132 Sn (Q 1n = −1.21 MeV, Q 2n = 2.5 MeV) are in a good agreement with the available experimental data [33, 34, 41, 42] . In all reactions 1n-neutron transfer process are closed (Q 1n < 0) and Q 2n -values for the 2n-transfer processes are positive. Thus, the 2n-neutron transfer has to be taken into account for good description of the experimental data. The influence of the 09005-p.4 2n-neutron transfer on the capture cross section occurs due to the change of the isotopic composition and the deformations of the reaction partners. The 2n-transfer indirectly influence the quadrupole deformation of the nuclei. When after the neutron transfer (just before the crossing of the Coulomb barrier) in the reactions 40 Sn(β 2 = 0) the deformations of nuclei increase, the values of the corresponding Coulomb barriers decrease. As a result, the neutron transfer enhances the capture process in these reactions at the sub-barrier energies. The enhancement becomes stronger with decreasing bombarding energy (figures 5 and 6 ).
Since Q 1n < 0 in these reactions, the enhancement arises not from the coherent successive transfer of two single nucleons, but from the direct transfer of one spatially correlated pair (the simultaneous transfer of two nucleons). Neutron pair transfer indicates that stable nucleus at low densities around nuclear surface may exhibit features of the strong coupling pairing, characterized by the small size of the Cooper pair comparable with average internucleon distance. This may suggest a possible enhancement of the pair correlation in the surface of nuclei 48 Ca, 64 Ni, and 116,124,132 Sn. Our results show that the capture (fusion) cross section of the reactions under consideration can be described by assuming the preformed dineutron-like clusters in the ground state of these nuclei. Note that the spatial two-neutron correlation and the strong surface enhancement of the neutron pairing in the cases of a slab and a semi-infinite nuclear matter are well known and it is well established that nuclear superfluidity is mainly a surface effect [43] .
Reactions with weakly bound projectiles at energies around Coulomb barrier
In recent years, many efforts have been made to understand the effect of breakup of weakly bound nuclei during the fusion reaction in very asymmetric reactions where the capture cross section is equal to the complete fusion cross section [2, [44] [45] [46] [47] [48] [49] [50] . The light radioactive nuclei, especially halo nuclei, such as 6 He, 8 B, 11 Be, and the stable nuclei 6 Li and 9 Be are weakly bounded, hence there is a chance of the breakup in the colliding process. By performing a comparison of fusion data with theoretical predictions which do not take into account the dynamic breakup plus transfer channel effects, it has been shown [46] [47] [48] 50] , that for energies from about 1.1V b to 1.5V b ( V b is the height of the Coulomb barrier) complete fusion in the reactions 6 209 Bi is suppressed by about 30%. However, the 9 Be+ 144 Sm data is out of the systematics, showing a much smaller suppression of about 15%. The total fusion (incomplete fusion + sequential complete fusion + complete fusion) cross section for the same projectiles on targets of any mass, including 9 Be + 27 Al, 64 Zn, does not seem to be affected by the dynamic breakup and transfer effects [48, 50] . As Fig. 8 . The same as in figure 7 , but for the indicated reactions with 6, 7, 9 Li-projectiles.
the charge of the target decreases, one expects that the Coulomb breakup becomes weaker, and consequently the complete fusion suppression and incomplete fusion probability decrease. The lack of a clear systematic behavior of the complete fusion suppression as a function of the target charge was explained in Ref. [50] by different effects of the transfer channels on the complete fusion and by some problems with the experimental data analysis.
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Using the quantum diffusion approach, we try to reveal a systematic behavior of the complete fusion suppression as a function of the target charge Z T and colliding energy E c.m. and by comparing the calculated capture cross sections in the absence of breakup with the experimental complete fusion cross sections. Note that the effects of deformation and neutron transfer on the complete fusion suppression are taken into consideration as well. All calculated results are obtained with the same set of parameters as in Ref. [17] . The absolute values of the quadrupole deformation parameters β 2 of even-even deformed nuclei are taken from Ref. [25] . For the quadruple deformation parameter of an odd nucleus, we choose the maximal value of the deformation parameters of neighboring even-even nuclei. For the double magic and neighboring nuclei, in the ground state we set β 2 = 0.
The difference between the capture cross section and the complete fusion cross section can be ascribed to the breakup effect. Comparing σ As seen in figures 7 and 8, at energies above the Coulomb barriers the values of P BU vary from 10 to 60%. In the reactions 9 Be+ 144 Sm, 208 Pb, 209 Bi the value of P BU increases with charge number of the target at E c.m. − V b > 3 MeV. This was also noted in Ref. [50] . However, the reactions 9 9 Be, the breakup threshold is slightly larger than for 6 Li. Therefore, we can not explain a larger breakup probability at smaller E c.m. − V b in the case of 9 Be. The possible explanation of it is that there are probably some problems with the data analysis which were earlier noted in Refs. [48, 50] from the point of view of a universal fusion function representation. It could be also that at energies near the Coulomb barrier the characteristic time of the breakup is larger than the characteristic time of the capture process and influences the complete fusion. For the reactions 6, 7 Li+ 208 Pb, the characteristic times of the prompt and delayed breakup were studied recently in Ref. [51] .
Summary
The quantum diffusion approach was applied to study the capture process in the reactions with deformed and spherical nuclei at sub-barrier energies. The available experimental data at energies above and below the Coulomb barrier are well described. As shown, the experimentally observed sub-barrier fusion enhancement is mainly related to the quadrupole deformation of the colliding nuclei and neutron transfer with large positive Q-value. The change of the magnitude of the capture cross section after the neutron transfer occurs due to the change of the deformations of nuclei. When after the neutron transfer the deformations of nuclei do not change or slightly decrease, the neutron transfer weakly influences or even suppresses the capture process. It would be interesting to study such-type of reactions.
It turns out that the sub-barrier capture (fusion) reactions with Q 1n < 0 and Q 2n > 0 may help in the understanding of the neutron pair tunneling phenomena and of the pair correlation in the surface of nucleus phenomena. The present work shows that the main contribution to transfer is due to the dineutron-like cluster component. In the capture process, the transfer of a neutron pair before the crossing of the Coulomb barrier is a clear signature of the strong correlations between the transferred nucleons affecting the dynamics and the surface character of pairing interaction. Our results indicate the dominance of the dineutron structure (of the preformed dineutron-like clusters) in the surface of the stable and unstable nuclei 48 Ca, 64 Ni, and 116, 124, 132 Sn. Measurements of sub-barrier capture cross sections in various reactions can be utilized to study the role of pairing correlations between the transferred nucleons.
Comparing the calculated capture cross sections in the absence of breakup data and experimental complete fusion data, we analyzed the role of the breakup channels in the reactions with the light projectiles 9 Be and 6,7,9 Li at near-barrier energies. Within the quantum diffusion approach the neutron transfer and deformation effects were taken into account. Analyzing the extracted breakup probabilities, we showed that there are no systematic trends of breakup in the reactions studied. Moreover, for some system with larger (smaller) Z T we found the contribution of breakup to be smaller (larger).
Note that our conclusions coincide with those of Refs. [48, 50] , where the universal fusion function formalism was applied for the analysis of experimental data. One needs to measure directly the breakup process in different systems, especially light ones, to understand the role of the Coulomb breakup in the complete fusion process. The other important subject to be investigated both experimental and theoretically is the characteristic time of the breakup. The first steps in these directions were done in Refs. [49, 51, 52] .
